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We studied surface morphology induced changes of magnetic anisotropy, magnetization reversal, and symmetry
of the anisotropic magnetoresistance (AMR) in ion sputtered Ni films grown on MgO (001). Grazing-incidence
ion sputtering generally develops anisotropic surface roughness of the Ni films, i.e., nanometer wide ripples
parallel to the ion beam direction, giving rise to uniaxial magnetic anisotropy with the easy axis along the ion
beam direction. The formed ripples act as domain wall nucleation and pinning sites during magnetization reversal,
while two-jump domain wall motion dominates in the as-grown Ni films. More importantly, the azimuthal angular
dependence of the AMR indicates a superposition of twofold symmetry and fourfold symmetry. By relying on
grazing-incidence ion sputtering along specific crystallographic directions, we are able to tailor the relative weight
of twofold and fourfold symmetry of AMR. We demonstrate that in contrast to the bulk case, the symmetry of
the AMR becomes also sensitive to the surface morphology in thin films, which is in particular relevant for the
design of magnetotransport based sensors.
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I. INTRODUCTION
The artificial engineering of magnetic properties of metallic
or semiconductor thin-film magnets by modulating the sur-
face/interface morphology has attracted significant attention
for its great importance in both fundamental research and
potential applications [1–4]. In particular, grazing-incidence
ion beam sputtering has been demonstrated as a reliable tool
to manipulate the magnetic anisotropy. The sputtering results
in the development of nanoscale surface ripples, giving rise
to an in-plane uniaxial magnetic anisotropy (UMA) with
controllable orientation and strength through the sputtering
conditions [5–9]. Bisio et al. employed ion beam sputtering
to achieve step-induced UMA in Fe films on flat Ag (001)
substrates [10]. Liedke et al. engineered the UMA of ferromag-
netic thin films without affecting the intrinsic cubic anisotropy
by creating nanoscale ripples on various substrates prior to the
film deposition [11,12].
Anisotropic magnetoresistance (AMR) has been widely
used for studying magnetic anisotropy and magnetization
reversal in ferromagnetic thin films, especially for its insen-
sitivity to semiconducting or insulating substrates [13–15].
The AMR originates from spin-orbit coupling, which induces
mixing of the spin-up and spin-down density of states of the d
electrons. The mixing depends on the magnetization direction,
leading to a magnetization direction dependent s-d scattering
rate in ferromagnetic metals. In polycrystalline materials the
AMR is solely dependent on the angle ϕ between the current
I and magnetization M: R = R⊥ + (R‖ − R⊥) cos2 ϕ, where
R⊥ and R‖ are the resistance when I‖M and I⊥M, respec-
tively. For polycrystalline materials, the angular dependence
of the AMR in general shows twofold symmetry and the
magnetocrystalline anisotropy effect is averaged out due to
the presence of the randomly oriented grains. In contrast,
other symmetries for the angular dependence of the AMR,
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which reflect the various magnetocrystalline anisotropies, may
appear in single-crystalline materials [16]. Fourfold symmetry
of the AMR, which corresponds to the appearance of an
extra higher-order term proportional to cos4 ϕ in the AMR,
has been observed first in bulk Fe and Ni single crystals and
has been reported afterwards for various epitaxial thin films.
However, the AMR in the films is considerably reduced due
to surface scattering [15,17,18]. The origin of the higher-order
term in the AMR in thin films has been related mainly
to the crystal symmetry, magnetocrystalline anisotropy, and
antiphase boundaries [15,19–21].
Here, we investigate the tailoring of magnetic anisotropy
and magnetization reversal by relying on measurements of the
AMR of ion sputtered Ni films grown on MgO (001) substrates.
The rippling of the surface of the Ni films, which results from
grazing-incidence ion sputtering, is able to induce UMA that
can be mainly attributed to the presence of a dipolar stray field.
The magnetization reversal proceeds by two-jump domain wall
motion in the as-grown Ni films and is replaced by domain wall
nucleation and pinning along the ripples in the ion sputtered
films, resulting in coherent rotation of the magnetization when
the applied magnetic field is oriented along a hard crystal
axis. Remarkably, the azimuthal angular dependence of the
AMR, which reveals a superposition of twofold and fourfold
symmetry in the epitaxially grown Ni films, is also directly
affected by the surface morphology. We thus demonstrate that
nanoscale modifications of the surface morphology in epitaxial
films directly affects the AMR, which is crucial for designing
novel magnetotransport based devices.
II. EXPERIMENTAL
Crystalline Ni (001) films were deposited on MgO (001)
substrates by molecular beam epitaxy at a base pressure of
2 × 10−10 mbar [22]. The substrate was annealed at 600 ◦C
for one hour to remove adsorbed gases on the surface prior
to deposition. A series of samples were grown with nominal
thickness of 23 nm (sample 1) and 50 nm (samples 2, 3, and 4)
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FIG. 1. (Color online) (a)–(d) Large scale STM topography images of samples 1, 2, 3, and 4. (e)–(h) The corresponding two-dimensional
correlation function g(x,y) calculated from the height profiles obtained from the STM topography images.The arrows in (b)–(d) indicate the
incident ion beam directions projected on the film plane.
while keeping the temperature of the substrate at 180 ◦C. The
surface morphology was characterized by in situ scanning
tunneling microscopy (STM). Figure 1(a) presents an STM
topography image of sample 1. The surface morphology con-
tains atomically flat terraces separated by steps or dislocations,
and the average root-mean-square (rms) roughness is about
0.2 nm. Subsequently, sample 2 was irradiated by a 2 keV Ar+
ion beam at an angle of incidence of 45◦ with respect to the
film normal and along the [100] direction of the substrate with
a fluence of 485 ± 25 ions/nm2. This results in the formation
of mound structures on the surface with rms roughness of
1.7 nm [see Fig. 1(b)] [22]. The average mound spacing is
about 20 nm. Samples 3 and 4 were irradiated by a 5 keV Ar+
ion beam at an angle of incidence of 80◦ with respect to the
film normal and along the [110] and [100] directions of the
substrates with a fluence of 370 ± 20 ions/nm2, which leads to
the formation of ripple structures with rms roughness of 0.9 and
1.4 nm [see Figs. 1(c) and 1(d)]. The wavelengths of the ripple
structures in sample 3 and in sample 4 are 14 nm and 18 nm,
respectively. The residual film thicknesses of samples 2, 3, and
4 as measured by x-ray reflectivity are 23.5, 28.7, and 22.7 nm,
respectively. For the data analysis we neglect the influence
of strain in the different samples since the strain is almost
fully relaxed during growth, as can be concluded from both
the large number of screw dislocations in the high-resolution
STM topography images (not shown) and the results of x-ray
diffraction measurements.
In order to further characterize the magnetic properties of
the samples, AMR measurements were performed both at
room temperature (RT) and at 10 K (LT) in a helium flow
cryostat equipped with a three-dimensional vector magnet.
This allows measuring the angular dependence of the AMR
without rotating the sample [23]. The AMR is measured in
approximately 1.5 mm × 10 mm rectangular pieces with the
long axis, i.e., the current direction, along the MgO [100]
direction for each of the samples [see Fig. 3(b) below]. Four
electrical contacts are attached to every piece along the long
axis by ultrasonic wire bonding. We note that our AMR
measurements were performed ex situ and because of the
formation of a thin oxide layer on top of the Ni we can hence
neglect the magnetocrystalline anisotropy resulting from steps
as well as from under-coordinated surface sites [15].
III. RESULTS AND DISCUSSION
A. Magnetic anisotropy
The anisotropic surface roughness, which is generated by
the oblique incidence of the ion beam, induces UMA which
can be calculated using the “self-correlation function” based
method [24,25]. According to this method, the UMA generated
by dipolar stray fields can be inferred from the surface height
profiles obtained from the STM topography images. The
appropriate two-dimensional correlation function g(x,y) [24],
allows us to characterize the anisotropic surface roughness
obtained from the STM images. Figures 1(e)–1(h) present plots
of the self-correlation function g(x,y) for our four samples.
The map of g(x,y) for the as-grown Ni film [Fig. 1(e)] is
almost isotropic, and the small peak at the center indicates a
quite flat surface due to the presence of the flat terraces in
Fig. 1(a). On the other hand, the relatively high peak at the
center of Fig. 1(f) reflects the increased roughness due to the
mound structures appearing in Fig. 1(b), while the two crossing
stripes in Fig. 1(f) reflect that the local topography is highly
correlated in both directions resulting from the more or less
rectangular shape of the mound structures. The pronounced
parallel stripes in Figs. 1(g) and 1(h) are due to the presence of
the ripple structures in Figs. 1(c) and 1(d), which results in a
strongly anisotropic roughness. The higher peak at the center
of Fig. 1(h) than at the center of Fig. 1(g) results from the
larger local roughness in Fig. 1(d) than in Fig. 1(c).
The calculated anisotropy constants Ks , which give the
strength of the shape anisotropy resulting from the anisotropic
surface roughness, are summarized in Table I [24]. We note
that the anisotropy due to anisotropic surface roughness of the
as-grown Ni film is negligible, while Ks of sample 2 reflects
the shape anisotropy due to the more or less rectangular mound
structures appearing at the surface in Fig. 1(b). The easy axis
resulting from the magnetic shape anisotropy in samples 3 and
4 is oriented along the grooves of the ripple structures.
B. Magnetization reversal
In Fig. 2 we present for each of the samples the hysteresis
loops obtained from the AMR measurements at RT for
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TABLE I. Summary of magnetic fitting parameters for samples 1, 2, 3, and 4. The parameters Ku and ε90◦ for sample 1 and 2 are obtained
by fitting the angular dependence of the switching fields using the two-jump domain wall motion model. The parameters Ku and K1 for samples
3 and 4 are obtained by fitting of the hysteresis loops along the hard axis using the coherent-rotation model. Ks is calculated by relying on the
self-correlation method which uses the STM topography images (see text).
Sample Ku(104erg/cm3) Ks(104erg/cm3) K1(104erg/cm3) ε90◦ (104erg/cm3)
sample 1 0.47 ± 0.12 0.07 1.92 ± 0.16
sample 2 0.47 ± 0.12 0.64 1.92 ± 0.16
sample 3 1.90 ± 0.20 2.69 6.20 ± 0.20
sample 4 1.60 ± 0.20 1.92 5.70 ± 0.20
magnetic field directions along the [100], [110], and [010]
directions of the substrate (and also of the Ni films). The
magnetization reversal occurs with a two-jump process along
the [100] and [010] directions for samples 1 and 2 [26].
On the other hand, the hysteresis loops become continuous
along the [100] and [010] directions for samples 3 and 4. The
presented results demonstrate that the magnetization reversal
mechanism is modified by the ripple structure formation on
the surface. The resistance reaches a minimum for M ‖ [110],
contradicting the conventional cos2 ϕ dependence. This will be
discussed in more detail below.
The dependence of the switching fields for the magneti-
zation jumps during magnetization reversal on the applied
field direction is summarized in Fig. 3(a) for samples 1 and
2. The angular dependence clearly reveals fourfold symmetry
with the hard axis along the 〈100〉 directions and the easy
axis along the 〈110〉 directions. Taking into account both the
magnetocrystalline anisotropy and the UMA, the total free
energy density is given by [8]
E = K1 cos2
(
θ + π
4
)
cos2
(
θ − π
4
)
+ Ku sin2(θ − φu)
−μ0MSH cos(θ − ϕ), (1)
where θ , φu, and ϕ denote the angles of the magnetization, the
easy axis of the UMA, and the applied field with respect to
the MgO [100] direction [see the schematic representation in
Fig. 3(b)]. K1 and Ku are the magnetocrystalline anisotropy
constant and the UMA constant, respectively. We rely on
the two-jump domain wall motion model to explain the
magnetization reversal in samples 1 and 2 [8,26]. φu is fixed at
3π/4 according to the larger magnitude of the lower switching
field (Hc1) for ϕ = 3π/4 than for ϕ = π/4. The experimental
azimuthal angular dependence of the switching fields can
be nicely fitted [see solid lines in Fig. 3(a)], and the 90◦
domain wall pinning energy ε90◦ and Ku obtained from the
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FIG. 2. (Color online) (a)–(d) Hysteresis loops obtained from the AMR measurements at RT along the [100], [110], and [010] directions
for samples 1, 2, 3, and 4, respectively. The solid lines in (c) and (d) are simulated AMR curves based on the coherent-rotation model.
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FIG. 3. (Color online) (a) Polar plots of switching fields as a
function of the azimuthal angle for samples 1 and 2. The solid
lines are fitted curves according to the model for two-jump domain
wall motion. (b) Schematic representation of the orientations of the
applied field, the current, and the crystallographic directions. The
dotted lines denote the easy axes corresponding to the UMA (φu) for
our four samples. (c) and (d) present the magnetic domain structures
as measured by MFM for sample 1 and sample 3 with the applied
fields along the [100] direction of the MgO substrate. The magnitude
of the applied field is indicated in the lower right corner of each of
the MFM images.
fitting are summarized in Table I. Based on the available
experimental results for the azimuthal angular dependence
of the AMR hysteresis loops, it is not possible to reliably
determine the magnetocrystalline anisotropy constant K1 for
the samples 1 and 2. We note that the constant K1 can
eventually be determined accurately by other types of transport
measurements based on the anomalous and planar Hall effects
with the applied field perpendicular to the film plane [27].
The values of the switching fields for samples 1 and 2
are quite similar in Fig. 3(a) (within an experimental error
of 20 Oe), leading to the same magnetic fitting parameters,
although the calculated magnetic shape anisotropy constants
Ks are quite different. The influence of magnetic shape
anisotropy appears to be overwhelmed by magnetocrystalline
anisotropy during magnetization reversal for both sample 1
and sample 2. The very small UMA in the as grown films may
originate from the presence of surface steps and/or of under-
coordinated surface sites [4,28]. The magnetic anisotropy
constants of samples 3 and 4 can be obtained by fitting the
hysteresis loops along the hard axis ([100] for sample 3
and [010] for sample 4) using the coherent-rotation model
combined with Eq. (5) which is introduced below. The fitting
curves are given by the solid lines in Figs. 2(c) and 2(d).
φu is fixed at π/4 and at 0 for sample 3 and sample 4,
respectively, i.e., along the grooves of the ripple structures.
In the simulation for sample 4 we need to take into account an
experimental error resulting from a misalignment between the
ripple direction and the MgO [100] direction which is about
8◦. Based on the comparable values of Ku and Ks in Table I
for samples 3 and 4, we conclude that the UMA inferred from
the magnetization reversal is dominated by the anisotropic
surface roughness resulting from the grazing-incidence ion
beam sputtering [7,12].
Figures 3(c) and 3(d) present the in-field magnetic domain
structure as measured by magnetic force microscopy (MFM)
for samples 1 and 3 with applied fields approximately along the
[100] direction of the MgO substrates (deviation below 10◦).
Magnetization nucleates randomly with the formation of
bubblelike domains and then further proceeds by domain
wall motion during magnetization reversal for sample 1. For
sample 3, however, magnetization reversal starts by nucleation
of magnetic domains with domain walls oriented parallel to the
grooves of the ripple structures and then further proceeds by
domain wall motion. The magnetization reversal has already
been largely completed at 100 Oe, except for some residual
pinning of domain walls along the ripples. The existence of
additional magnetic domain structures other than stripes along
the ripples (MFM image at 100 Oe for sample 3) suggests that
the magnetocrystalline anisotropy still plays a non-negligible
role during magnetization reversal [29]. The magnetic domain
structures of sample 2 and of sample 4 are similar to the domain
structures of sample 1 and of sample 3, respectively.
C. Azimuthal angular dependence of the AMR
The azimuthal angular dependence of the AMR can
be clearly observed when the resistance is measured for
different applied field directions, but with a fixed magnitude
exceeding the saturation field. In that case the direction of the
magnetization (given by the angle θ ) should be the same as
that of the applied field (given by the angle ϕ). In Fig. 4 we
present the relative resistance change (R − Rmin)/Rmin for the
four samples as a function of the angle between current and
applied field with a constant field magnitude of 1000 Oe at
RT and 4000 Oe at LT. Rmin is the minimum resistance. The
higher field magnitude at LT is required to take into account the
increase of the saturation field at LT. The shapes of the AMR
curves clearly deviate from the simple cos2 ϕ dependence
which results in twofold symmetry of the AMR curve and is
observed in polycrystalline materials. Apart from the twofold
symmetry our AMR curves clearly contain contributions of
fourfold symmetry [cos4 ϕ dependence, see Eq. (5) below].
We note that the AMR amplitudes in Fig. 4 are reduced by a
factor of 2 to 4 when compared to polycrystalline films [30].
Moreover, the angular dependence of the AMR changes for
each of the four samples when going from RT to LT. Since
the film thickness is quite similar for the four samples, we
conclude that the different angular dependence of the AMR
originates from the changes in the surface morphology induced
by the ion beam sputtering.
In order to analyze our data for the azimuthal angular
dependence, we rely on a phenomenological model based on
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FIG. 4. (Color online) (a)–(d) Azimuthal angular dependence of the AMR at RT and at LT for samples 1, 2, 3, and 4. The constant magnitude
of the applied field is 1000 Oe for the measurements at RT and 4000 Oe for the measurements at LT.
crystal symmetry as proposed by Do¨ring [17]. This model
has been successfully used before to describe the angular
dependence of the AMR in Ni and Fe single crystals [17,18].
According to Ohm’s law, an electric field component Ei is
produced when a current Jj flows along the spatial direction j
and the relation between current and field can be expressed as:
Ei = ρij (α)Jj . The resistivity tensor ρij is a function of the
direction cosines αi of magnetization and can be expanded in
a Maclaurin series
ρij = aij + aijkαk + aijklαkαl + · · · , (2)
where aij , aijk , and aijkl are the elements of different orders of
the resistivity tensor. The resistivity tensor can be simplified
due to the crystal symmetry and Onsager’s theorem, which
results in [16]
ρ − ρ0
ρ0
= k1
(
α21β
2
1 + α22β22 + α23β23 −
1
3
)
+ 2k2(α1α2β1β2 + α2α3β2β3 + α3α1β3β1)
+ k3s + k4
(
α41β
2
1 + α42β22 + α43β23 +
2
3
s − 1
3
)
+ 2k5
(
α1α2α
2
3β1β2 + α2α3α21β2β3
+α3α1α22β3β1
)
, (3)
where ρ0 = a11 + a1122 + a111122, k1 = k′1 − k
′
3, k2 = 2k
′
4,
k3 = k′3, k4 = k
′
2 + k
′
3 and k5 = 2k
′
5. The constants k
′
i are
given by
k
′
1 = a111 − a1122 − 2a111122 + a112211,
k
′
2 = a111111 + a1122 − a112211,
k
′
3 = a112233 − a111122, (4)
k
′
4 = a2323 + a111212,
k
′
5 = a112323 − a111212,
βi is the direction cosine of the current with respect to the cubic
axes, and s is defined as s = α21α22 + α22α23 + α23α21. For our
specific geometry the magnetization lies in the (001) film plane
with α1 = cos θ , α2 = sin θ , α3 = 0, while the current is along
the [100] direction with β1 = 1, β2 = 0, β3 = 0. Equation (2)
can then be simplified to
ρ − ρ0
ρ0
= C0 + C1 cos2(θ + δ) + C2 cos4 θ , (5)
where C0 = 13 (k1 − k4), C1=k1 + k3 + 23k4, C2=k4/3−k3,
and the angle δ is added to take into account a small
misalignment between the actual current direction and the
nominal [100] direction of the substrate. Using Eq. (5) the
azimuthal angular dependence of the AMR can be very well
fitted for the four samples, both at RT and LT (see solid lines in
Fig. 4). From the fitting we obtain the values of k1, k3, and k4
for the four samples at RT and at LT, as listed in Table II. The
coefficients ki depend on the crystal symmetry and also depend
on temperature because the dominant electron scattering
mechanisms depend on temperature [15]. When comparing the
obtained ki values to the corresponding values for bulk Ni [17],
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TABLE II. Summary of the coefficients of the phenomenological
model derived by fitting the azimuthal angular dependent AMR
curves in Fig. 4 using Eq. (5).
Sample k1 k3 k4 δ
sample 1 (RT) 0.0056 −0.0144 −0.0038 −4.62◦
sample 2 (RT) 0.0014 −0.0060 −0.0011 −5.51◦
sample 3 (RT) 0.0055 −0.0141 −0.0023 4.61◦
sample 4 (RT) 0.0045 −0.0109 −0.0037 −5.15◦
sample 1 (LT) 0.0034 −0.0094 −0.0038 −0.79◦
sample 2 (LT) 0.0027 −0.0089 −0.0031 2.84◦
sample 3 (LT) 0.0031 −0.0099 −0.0035 0.53◦
sample 4 (LT) 0.0026 −0.0092 −0.0029 −0.42◦
bulk (RT) 0.0065 −0.0036 −0.0051
we need to take into account the influence of additional surface
scattering and defects in our films [15,17]. The different values
of δ at RT and LT for the same sample are related to the fact
that due to practical reasons the samples need to be remounted
for the measurements at LT after the measurements at RT. We
note that a similar temperature dependence of the parameters
ki is consistently obtained for films prepared at different times,
confirming the reproducibility of the results presented in Fig. 4.
While the exact value of δ may change for samples prepared
and/or mounted at different times, the relative weight of the
twofold and fourfold symmetries of the angular dependence
of the AMR does not reveal any correlation with the values
obtained for the fitting parameter δ.
The obtained values of k1, k3, and k4 at RT indicate that
the ripple structure along the [110] direction on the surface
mainly results in a decrease of the value of k4 for sample 3. On
the other hand, the ripple structure along the [100] direction
mainly gives rise to a decrease of the values for k1 and k3 for
sample 4. The different influence of the two ripple structures
can be related to a different impact on the crystal symmetry,
resulting in a different relative weight of the cos2 ϕ and cos4 ϕ
terms in Eq. (5) [16]. Finally, the mound structures on the
surface of sample 2 result in a significant decrease of k1
as well as of k3 and k4. The latter decrease of the ki by
the surface morphology can be attributed to the presence of
additional diffuse surface scattering, which is consistent with
the enhanced surface roughness of sample 2 and accounts for
a reduced impact of the crystal symmetry on the AMR effect.
The AMR results presented in Fig. 4 also reveal that the
obtained ki values become comparable for all four samples
at LT, which reflects a pronounced influence of temperature
on the ki . On the other hand, we find that the ki values
are smaller at LT than at RT, except for sample 2 for
which the ki values become larger. Except for sample 2, the
resulting amplitude of the AMR clearly becomes smaller at
LT than at RT, a behavior which is opposite to what has
been found for other systems [15,19,20]. The underlying
physical mechanisms which govern the AMR at different
temperatures and the exact relationship between the AMR
and the coefficients ki still needs to be investigated in detail
using first principles calculations [31]. Anyway, our AMR
results clearly confirm the direct impact of the ion sputtering
process on the azimuthal angular dependence of the AMR.
In particular, a ripple structure along the [100] hard axis
results in a pronounced influence of the magnetocrystalline
anisotropy already at RT, giving rise to a dominating fourfold
symmetry of the angular dependence [see Fig. 4(d)]. On the
other hand, a ripple structure along the [110] easy axis results in
an decreased influence of magnetocrystalline anisotropy at RT,
giving rise to an increased twofold symmetry and a larger AMR
amplitude. We succeeded here in modifying in a controllable
way the relative weight of the twofold and fourfold symmetries
of the AMR by grazing-incidence ion beam sputtering along
different crystallographic directions of epitaxially grown thin
films.
IV. CONCLUSIONS
The magnetic anisotropy, magnetization reversal and
anisotropic magnetoresistance have been tailored in Ni films
grown on MgO (001) substrates by modifying the surface
morphology using ion beam sputtering. The ripple structures,
which can be induced on the surface by grazing-incidence
ion beam sputtering, give rise to uniaxial magnetic anisotropy
mainly originating from dipolar stray fields. The ripples act as
domain wall nucleation and pinning sites during magnetization
reversal, while two-jump domain wall motion dominates in
the as-grown Ni films. The azimuthal angular dependence
of the AMR reflects a superposition of fourfold and twofold
symmetry and can be described by a phenomenological model
based on the crystal symmetry. The relative weight of the
fourfold and twofold symmetry can be modified by grazing
incident ion beam sputtering along specific crystallographic
directions. The here achieved “tailoring” of the magnetic
anisotropy, magnetization reversal, and AMR by ion beam
sputtering may be used for the design of electron transport
based magnetic sensors and other spintronic devices.
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